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practical	 applications,	 including	population	 census,	 assessment	of	 human	 impact	 on	
social	 and	 genetic	 structure,	 and	 investigation	 of	 the	 illegal	 wildlife	 trade.	 SNP	 re-
sources	for	elephants	are	scarce,	but	next-	generation	sequencing	provides	the	oppor-
tunity	for	rapid,	inexpensive	generation	of	SNP	markers	in	nonmodel	species.	Here,	we	
sourced	 forest	 elephant	 DNA	 from	 23	 samples	 collected	 from	 10	 locations	 within	

























the	 country	 suffered	 the	 steepest	declines	 recorded	 for	 the	decade	
2004–2014	 (Poulsen	 et	al.,	 2017)	 and	was	 revealed	 to	 be	 a	 major	
source	of	 illegal	 ivory	within	Africa	(Wasser	et	al.,	2015).	To	respond	








and	microsatellites,	 are	 available	 in	 the	 literature	 for	 L. africana and 
the	Asian	elephant	 (Elephas maximus)	 (Ishida	et	al.,	 2012;	Nyakaana,	
Okello,	 Muwanika,	 &	 Siegismund,	 2005).	 However,	 nuclear	 genetic	
studies	 of	 L. cyclotis	 have	 all	 used	microsatellite	markers	 developed	
for	L. africana	(Eggert	et	al.,	2014;	Eggert,	Eggert,	&	Woodruff,	2003;	
Johnson,	 2008;	Munshi-	South,	 2011;	 Schuttler,	 Philbrick,	 Jeffery,	&	
Eggert,	2014).	While	it	 is	widely	recognized	that	null	alleles	and	size	
homoplasies	 may	 occur	 as	 a	 result	 of	 using	 microsatellite	 markers	






advances	 are	 driving	 a	 shift	 in	 the	 field	 of	molecular	 genetics	 from	
microsatellite	 to	 single-	nucleotide	 polymorphism	 (SNP)	 markers.	
Numerous	 studies	have	 revealed	 the	great	potential	 for	SNPs	 to	be	
cost-	effective	 and	 highly	 informative	 markers	 (Helyar	 et	al.,	 2011;	
Morin,	Luikart,	&	Wayne,	2004;	Vignal,	Milan,	SanCristobal,	&	Eggen,	
2002),	with	a	string	of	advantages	 including	 low	error	rates	 (Ranade	






ers	 have	 been	 used	 for	 species	 differentiation	 in	African	 elephants	
(Ishida	et	al.,	2011;	Roca,	Georgiadis,	Pecon-	Slattery,	&	O’brien,	2001)	
and	to	study	genetic	diversity	and	structure	of	the	highly	endangered	
Bornean	 elephant	 (E. maximus borneensis)	 (Goossens	 et	al.,	 2016;	
Sharma	 et	al.,	 2012).	 However,	 novel	 genetic	 markers	 are	 urgently	
needed	 to	 better	 inform	 forest	 elephant	 conservation	 and	manage-
ment.	The	application	of	SNP	markers	to	understand	forest	elephant	
population	status	and	connectivity	and	 the	 illegal	 ivory	 trade	would	
tackle	some	priority	areas	of	research.
The	use	of	SNPs	has	been	limited	by	the	cost	and	availability	of	SNP	
discovery	 techniques,	 especially	 in	 nonmodel	 organisms.	 Recently,	 ad-
















F IGURE  1 Forest	elephant	(Loxodonta 
cyclotis)	at	a	forest	clearing	in	Gabon	
(Photograph	credit:	David	Greyo)
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erate	and	 identify	potential	SNP	 loci	 in	 forest	elephants	and	 (2)	val-
idate	a	subset	of	around	a	hundred	SNP	markers	on	a	 larger	sample	
set	via	 genotyping	 assays	 and	comparison	between	genotyping	 and	
sequencing data.




collected,	 as	 available,	 from	 14	 elephants	 immobilized	 for	 collaring	
operations	 in	 2003	 (Blake	 et	al.,	 2008)	 and	 44	 elephant	 carcasses	
found	 in	 14	 locations	 (Figure	2).	 Samples	 were	 selected	 from	 a	
range	 of	 geographic	 locations	 across	 Gabon	 to	 reduce	 possible	
ascertainment	bias	(Nielsen,	2004).	A	second	batch	of	20	samples	was	









DNA	quality	was	 assessed	 via	 agarose	 gel	 electrophoresis	 on	 a	 1%	
gel,	and	only	nondegraded	DNA	(as	judged	by	a	tight	high-	molecular	
weight	band	against	a	 lambda	standard)	was	selected	for	the	 library	










by-	read	 depth.	 Furthermore,	 each	 sample	 was	 processed	 in	 qua-
druplicate	to	enhance	evenness	of	coverage	of	samples	within	the	

















































Number of elephants sampled
Sampling location
50 km
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each)	were	restriction	digested	by	SbfI	and	SphI,	and	then	Illumina-	
specific	 sequencing	 adaptors	 (P1	 &	 P2)	were	 ligated	 to	 fragment	
ends.	 The	 pooled	 samples	 were	 size	 selected	 (320–590	bp	 frag-
ments)	 by	 gel	 electrophoresis,	 PCR	 amplified	 (15	 cycles)	 and	 the	
resultant	 amplicons	 (ddRAD	 library)	were	 purified	 and	 quantified.	
Combinatorial	 inline	 barcodes	 (five	 or	 seven	 bases	 long)	 included	
in	 the	 P1	 and	 P2	 adaptors	 allowed	 each	 sample	 replicate	 to	 be	





and	 the	 reads	 demultiplexed	 by	 barcode	 using	 the	 process_radtags 
module	 (default	 parameters)	 of	 the	 stacks	 bioinformatics	 pipeline	
(Catchen,	Hohenlohe,	Bassham,	Amores,	&	Cresko,	2013).	This	module	
also	 filtered	out	 low-	quality	 reads.	The	 retained	 reads,	now	missing	
variable	length	barcodes,	were	then	trimmed	to	a	standard	148	bases	
in	length.	Demultiplexed	read	files	were	concatenated	into	read	files	










1. Contained	 exactly	 one	 SNP	 (in	 the	 concatenated	 forward	 and	
reverse	 reads)	 to	 remove	 physically	 linked	 markers	 and	 ensure	
availability	 of	 a	 constant	 sequence	 surrounding	 the	 target	 SNP	
to	 facilitate	 primer	 design;
2. Contained	exactly	 two	alleles,	as	 the	presence	of	more	than	two	
alleles	 might	 represent	 repeat	 sequence	 found	 at	 multiple	 sites	
within	the	genome;
3. Were	present	in	the	data	for	≥10	elephants	and	had	a	read	depth	of	
























sequences	was	conducted	by	aligning	 them	against	 the	L. africana 
genome	 (LoxAfr	 3.0,	 Genbank	 Assembly	 ID:	 GCA_000001905.1,	
































All	 samples	 used	 for	 discovery	 were	 tissue	 (skin	 and	 muscle)	 samples,	
except	LOCO279_d	which	is	a	duplicate	blood	sample	used	as	a	positive	
control	in	the	library.
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Second,	 a	 genotyping	 panel	was	 selected	 among	 the	 candidate	
SNP	markers	using	a	combination	of	measures	of	genetic	diversity	and	
divergence,	in	order	to	validate	assay	performance	and	select	poten-
tially	 informative	markers	with	 the	 aim	 to	 explore	 genetic	 variation	
among	individuals	and	populations.	The	filtered	matrix	of	sequencing	












excluded	that	had	zero	or	>1	BLAST	matches	against	 the	L. africana 
genome	using	a	discontiguous	megablast	of	the	148	bases	sequence	
containing	the	SNP.	The	cutoff	e-	value	was	set	at	10−10	with	a	mini-
mum	alignment	 length	of	100	bp	 including	 the	SNP	site.	Sequences	
with	no	matches	based	on	these	criteria	were	excluded	on	the	basis	
that	they	could	be	from	a	different	organism,	while	multiple	matches	




























were	 to	 be	 expected	 because	 allelic	 dropout	 usually	 occurs	 during	



























high-	molecular	 weight	 to	 attempt	 ddRAD	 library	 preparation.	 In	
total,	17,378,607	raw	sequencing	reads	were	generated	from	the	24	
sample	 library,	 representing	 individuals	 from	 10	 locations	 (Table	1).	
Three	 individuals	 (LOC0044_a,	 LOC0225_a	 and	 LOC0394_a)	 had	
very	 low	 read	 numbers	 (<12,000)	 and	 were	 removed	 from	 further	
bioinformatic	 analyses	 at	 this	 point.	 Another	 individual	 (LOC201_a)	















profiles,	whereas	 seven	produced	diffuse	 clusters	 that	 could	not	be	
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confidently	 resolved	 into	 genotypes	 (Figure	3).	 BLAST	 alignment	
against the L. africana	 genome	 revealed	 that	 this	 could	generally	be	
explained	by	the	 likely	presence	of	potential	multiple	primer	binding	
sites	in	the	genome.





measures	 of	 genetic	 diversity	 and	 divergence	 (see	 above).	A	BLAST	
search	of	the	whole	sequence	and	of	the	flanking	regions	of	the	SNP	
against the L. africana	genomic	data	produced	no	matches	for	36	of	
these	loci	and	multiple	matches	for	39	others.	The	search	identified	a	
unique	match	based	on	selected	criteria	for	191	loci,	of	which	a	ran-
dom	 subset	 of	 115	SNPs	was	 subsequently	 chosen	 for	KASP	assay	
design	and	genotyping.
Following	genotyping	of	74	samples,	six	SNPs	(CL_2059,	CL_2174,	
CL_3260,	 CL_5749,	 CL_6220,	 CL_10063)	 failed	 to	 provide	 distinct	
clusters	 in	 the	 signal	 intensity	 plot	 and	were	 excluded	 from	 further	
analysis.	When	comparing	the	genotypes	obtained	from	the	KASP	as-
says	 to	 the	 19	 ddRAD	profiles,	 the	 proportion	 of	missing	 data	was	
higher	in	the	ddRAD	pipeline	(23.0%)	than	in	the	LGC	genotyping	data	
(1.7%).	The	proportion	of	category	1	and	category	2	mismatches	was	















MAF	 for	 individual	 loci	was	 0.213,	 and	30.3%	of	 SNPs	were	 highly	
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low	 genetic	 differentiation,	 but	 ranged	 from	 0.03	 to	 0.162	 for	 31	
SNPs,	indicating	substantial	differences	in	allele	frequencies	at	these	









to	 five	other	 SNPs	 suggesting	 that	 they	 could	be	 linked	 (Table	S3).	
However,	linkage	disequilibrium	was	not	detected	between	most	loci.	
Only	four	pairs	were	in	weak	linkage	disequilibrium	(r2	>	.3),	but	the	









In	 this	 study,	 ddRAD	was	 demonstrated	 to	 be	 effective	 for	 the	
rapid	discovery	of	a	large	number	of	SNPs	in	the	forest	elephant.	Due	
to	double	restriction	digestion	and	precise	size	selection,	ddRAD	se-




enated	tags	during	the	 filtering	process	 in	order	 to	preserve	 linkage	









linked	 to	 lower	 number	 of	 individuals	 and	 read	 depth	 in	 the	 forest	









raiding	 to	 generate	 the	 library.	Tropical	 environments	 often	 lead	 to	







cess	may	 result	 in	 a	 bias	 toward	 highly	 polymorphic	 SNPs	 or	 SNPs	
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We	 validated	 genotyping	 assays	 for	 a	 subset	 of	 107	 SNP	 loci.	
KASP	assays	have	been	successfully	used	in	a	variety	of	crop	and	an-
imal	species	 (e.g.,	Hiremath	et	al.,	2012;	Senn	et	al.,	2013),	and	they	





against L. africana	genomic	data	 improving	the	conversion	rate	 from	
68%	to	93%.	This	illustrates	the	value	of	whole-	genome	data	for	as-
sisting	with	such	studies	and	pointed	to	variation	between	sequence	
repeats	 found	 at	 multiple	 sites	 within	 the	 genome	 being	 probably	
the	main	 factor	 explaining	 SNP	 conversion	 failure.	Two	 SNP	 assays	
(CL_3004	and	CL_10172)	were	removed	from	consideration	because	
they	 did	 not	 cluster	 as	 expected	 genotypes.	 Monomorphic	 results	






data	 have	 also	 successfully	 been	 used	 to	 characterize	 SNP	markers	
in	the	Bornean	elephant	(E. maximus borneensis)	(Sharma	et	al.,	2012)	




One	major	challenge	was	 to	 find	SNPs	 that	were	appropriate	 for	
assay	 design,	 as	 our	 criterion	 (50-	bp	 flanking	 region	 upstream	 and	
downstream	of	the	target	SNP)	removed	almost	58%	of	loci	from	con-


















level	 studies	 in	 elusive	 forest	 species.	 In	 addition,	 a	 thorough	 un-






















to	 the	examination	of	population	 structure	with	 care.	However,	 the	










We	 generated	 the	 first	 genome-	wide	 SNP	 resources	 for	 forest	
elephants	 that	 are	 available	 for	 further	 studies.	 In	 addition,	 we	
validated	KASP	assays	for	a	subset	of	107	SNPs	to	allow	in-	house	





ment	 interventions	 for	 this	 species,	 we	 believe	 that	 research	 on	
the	population	status,	genetic	structure,	and	the	illegal	ivory	trade	
of	 forest	elephants	would	greatly	benefit	 from	a	shift	 toward	use	
of	 SNP	 markers	 to	 increase	 potential	 for	 data	 sharing	 between	
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